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ABSTRACT
The Compact Total Electron Content Sensor (CTECS) is a GPS radio occultation instrument designed for
picosatellite and nanosatellite platforms that utilizes a COTS receiver, modified receiver firmware, and a custom
designed antenna. CTECS was placed on the Pico Satellite Solar Cell Testbed-2 (PSSCT-2) nanosatellite that was
installed on the Space Shuttle Atlantis (STS-135 mission). PSSCT-2 was successfully released from the shuttle on
20 July 2011 and reentered on 8 December 2011. After approximately four weeks of spacecraft checkout and
attitude adjustments, CTECS was powered on and began its mission to obtain ionospheric measurements of the total
electron content (TEC) and scintillation (S4). CTECS obtained 13.5 hours of measurements over the mission
lifetime. We will show the first successful relative TEC and electron density profiles obtained from a GPS sensor on
a nanosatellite. We present the capabilities of the sensor, the challenges encountered during development and
operation, and the subsequent mitigations employed.
INTRODUCTION

The first GPSRO sensor on a CubeSat was flown on the
CANX-2 mission launched in 2008.1 CANX-2 utilized
the NovAtel OEM4-2GL receiver and a COTS antenna.
It
had
a
dual
purpose
of
providing
position/navigation/time data to the spacecraft as well as
observing occulting GPS satellites. Kahr et al. showed
that the GPS RO sensor was able to track occulting GPS
satellites. However, they have been unable to extract
TEC from the measurements due to issues related to
power and antenna pointing.

CubeSats and similar scale satellites offer new
opportunities to explore the near-earth environment.
Their low cost promotes equally low cost payloads and
provides a greater opportunity for more participation by
a variety of institutions within the science community.
The relative low cost of sensors and subsystems is
achieved by utilizing Commercial-Off-The-Shelf
(COTS) components.
GPS radio occultation (GPSRO) sensors have become
one of the most popular space weather sensor for
providing ionospheric density in the form of Total
Electron Content (TEC) and scintillation measurements.
More commonly GPS radio occultation sensors are used
to provide tropospheric temperature and water vapor
measurements. Since 1995 there have been over 15
GPSRO sensors in orbit. The more recent orbiting
receivers are based on the BlackJack design by JPL.
These receivers and antenna have a mass of ~2-4 kg and
require >20W power. Although these GPSRO sensors
provide high quality ionospheric and tropospheric
observations, their mass, size, and power prevent the
placement of these sensors on smaller spacecraft. With
the growing use of CubeSats, developing a small, low
power GPS RO sensor has become a priority.
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Since CANX-2, a number of different groups are
developing GPSRO sensors that can be flown on
CubeSats. One of those efforts is on-going at The
Aerospace Corporation. Our Compact Total Electron
Content Sensor (CTECS) utilizes the next generation
NovAtel receiver, OEMV-2, and a custom antenna to
obtain ionospheric TEC data. CTECS was a payload on
the PicoSatellite Solar Cell Testbed-2 mission launched
in 2011. It collected data for 13.5 hours over a four-anda-half month period. Initial analysis of the data has
yielded ionospheric TEC profiles. This paper describes
in detail the instrument, design and operation challenges,
and initial ionospheric TEC observations.

1

26th Annual AIAA/USU
Conference on Small Satellites

PSSCT-2 MISSION

the four rockets was fired, raising the orbit ~10 km.
Unfortunately, the remaining rockets did not activate and
The Aerospace Corporation has an extensive history of the satellite orbit quickly decayed.
developing cube-, pico-, and nanosatellites. Since 1999
they have designed, built, launched, and operated 13
spacecraft of various sizes. The latest one launched was
the PicoSatellite Solar Cell Testbed-2 mission (PSSCT2) in 2011.
The purpose of PSSCT-2 was to demonstrate new
spacecraft subsystem technology including quadrupolejunction solar cells, a 3-axis attitude control system, and
an adaptive communications radio. The primary payload
on PSSCT-2 was the Compact Total Electron Content
Sensor that uses GPS radio occultation to measure
ionospheric TEC and observe scintillation. In addition to
CTECS, PSSCT-2 hosted several cameras, an earth
sensor, and four solid-rocket motors used to raise the
orbit. The spacecraft is classified as a nanosatellite (1-10
kg) with dimensions of 5”x5”x10” and a mass of 3.6 kg.
The completed spacecraft is shown in Figure 1.

Figure 2: Launch of PSSCT-2 from the Space
Shuttle STS-135 mission on 20 July 2011 (Courtesy of
NASA)
PSSCT-2 tested a new robust attitude control system that
includes, sun and earth sensors, magnetometer, torque
coils, reaction wheels, and angular rate sensors. An
algorithm was developed to command the satellite to aim
the +Z axis of the spacecraft towards nadir and rotate
about this axis to align with a particular magnetic field
direction. The +Z face is the left face in Fig. 1, and the
Z-axis is the axis with minimum moment-of-inertia (the
long axis).. The algorithm was tested in real-time during
the mission and modifications/corrections were uploaded
to the spacecraft. The final algorithm provided 3-axis
stability and magnetic field alignment. Proper execution
Figure 1: Completed PSSCT-2 Nanosatellite
of the attitude control system was necessary for the
PSSCT-2 was the final satellite deployed by any space CTECS sensor experiment.
shuttle in the U.S. Space Shuttle program. It was
released from Space Shuttle Atlantis STS-135 on 20 July The ground system for the PSSCT-2 mission consisted
2011. The launcher for PSSCT-2 was developed at The of a single permanent ground site located at The
Aerospace Corporation and has been used to deploy Aerospace Corporation’s El Segundo, CA campus. The
several nanosatellites over the years from space shuttles. station had 1-3 contacts per day with the spacecraft of a
Figure 2 shows PSSCT-2 as it is released from the maximum duration of 8 minutes. The on-board radio
launcher inside the Atlantis Space Shuttle bay.
operated at 915 MHz and provided a downlink rate of
115.2 kbps.
The initial circular orbit of PSSCT-2 was 380 km. Over
the next 4.5 months the satellite orbit slowly decayed CTECS
until PSSCT-2 reentered on 8 December 2011.The orbit
altitude changed slowly, ~25 km, for the first two Before developing the CTECS sensor, the Space Science
months. The last 2.5 months of the mission life observed Application Laboratory at The Aerospace Corporation
~125 km orbit altitude decay. Early in November one of provided two GPS RO sensors dedicated to ionospheric
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measurements. The first, the Ionosphere Occultation
Experiment (IOX) on PicoSat-9, operated from 20012004.2 The second was the C/NOFS Occultation
Receiver for Ionospheric Sensing and Specification
(CORISS).3 The C/NOFS mission with the CORISS
sensor launched in 2008 and continues to provide both
ionospheric and tropospheric measurements. The
Aerospace Corporation applied its knowledge of
ionospheric occultation sensors to develop a sensor for a
nanosatellite: CTECS. The primary purpose of the
Compact Total Electron Content Sensor on PSSCT-2
was to demonstrate the ability of a small, low-cost COTS
receiver to obtain ionospheric TEC observations.
CTECS consists of the NovAtel OEMV-2 receiver, a
custom antenna, connecting RF cable, and a mounting
bracket. Figure 3 shows the completed sensor. The
details of the receiver and antenna are described in the
next sections.

necessary to limit the size of the receiver data output
files. Additionally, tailored commands and specific
operating modes were created specifically to allow the
receiver to operate as an occultation sensor on the
nanosatellite. CTECS has two sampling rates: low rate
and high rate. These rates are programmable as is the
elevation threshold for switching between the two. For
the standard TEC mode a low rate of 0.1 Hz for GPS
satellites above the horizon and a high rate of 1 Hz for
GPS satellites below the horizon was used. CTECS also
operated in a scintillation mode (S4) with the same low
rate and elevation boundary but with a 20 Hz high rate.
The Aerospace Corporation performed radiation tests on
a NovAtel OEMV-2 receiver board at the Lawrence
Berkeley National Laboratory 88” cyclotron. Two
receivers and one GPS COTS antenna was used for the
test. The antenna was placed on the roof of the cyclotron
facility and connected to both receivers through identical
lengths of cable. The test receiver was placed inside the
beam laboratory while the other receiver was placed in a
separate, non-radiated area to provide a baseline dataset.
The test receiver was radiated with 20, 30 and 50 MeV
protons while powered. The primary errors were poweron resets. Checksum errors in the data stream due to
incomplete messages during serial communication were
observed rarely. In both cases, the receiver recovered
without assistance. A total dose test was also performed
and the receiver lost serial communication and became
non-operational after exposure to 20 kRad.
Antenna
During the design phase of CTECS, several potential
COTS antennas compatible with the nanosatellite form
factor were tested. The tests showed lower gain than
desired and the tuning for L1 and/or L2 was off by
several megahertz, a significant amount, given their
narrow-band performance. Because of these tests, it was
decided that a custom antenna would be designed
specifically for an occultation sensor. There are three
parts to the antenna: a dual patch antenna, an integral 90°
hybrid, and a low noise amplifier (LNA). Figure 4
shows the completed antenna inside the mounting
bracket.

Figure 3: Completed CTECS sensor. The antenna is
mounted in the bracket facing into the page.

Receiver
NovAtel produces several receiver product lines. The
OEMV-2 receiver was selected for its size, power, and
capability. The OEMV-2 has 72 channels available for
tracking L1, L2, L2C and GLONASS signals. The
receiver can track 14 GPS satellites simultaneously (L1
and L2). The board measures 60 x 100 x13 mm and
weighs 56 g. It requires a 3.3 VDC input voltage and
consumes ~1.2 W. The most important feature of the
OEMV-2, for its use as a CubeSat GPSRO sensor, is its
ability to accept modified software/firmware through
NovAtel’s Application Programming Interface (API).

The dual patch antenna is mounted onto the ground
plane that includes a stripline 90° hybrid internally. The
entire antenna is then mounted into a bracket for
placement on the spacecraft. The antenna has a centered
ground via connected to both patch conductors to
prevent electrical charge buildup. To get better axialratio bandwidth, dual probes and a 90° degree hybrid
were used (instead of a single probe technique) for Right
Hand Circular Polarization (RHCP). The overall
dimensions of the antenna are 7.6 x 7.6 x 1 cm. The gain

The custom software uploaded to the CTECS receiver
was tailored to mission requirements and the spacecraft
resources. 16 MB of on-board data storage was
dedicated to the CTECS experiment. Thus, it was
Bishop
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pattern is hemispherical with a 10 dB gain reduction 90°
from the antenna boresight. The bandwidth centered on
L1 and L2 is 20 MHz. The gains of the antenna are 6.2
dBic and 6.4 dBic for L1 and L2, respectively.

order to understand its performance. Because of the
combination of on-orbit modifications of the attitude
control algorithm and the limited ground contact times,
CTECS was not turned on for the first time until late
August. During CTECS operation it was found that the
drain on the batteries prevented operating the sensor
longer than a four-hour period. Additionally, the limited
downlink rate resulted in approximately 1 hour of
CTECS data downlinked with each 5-minute contact.
Between CTECS operations, further testing and
refinement of the attitude control system occurred. In
total, CTECS operated 13.5 hours. Most operations of
CTECS occurred with a high sampling rate of 1 Hz to
measure TEC. Table 1 shows a breakdown of the
operating times, sampling rate, and overall data quality.

The low noise amplifier circuit is populated onto a
printed circuit board that is then attached to the backside
of the antenna with conductive epoxy. The circuit adds
an additional 1 cm to the thickness of the antenna. A
more recent version of this antenna (to be flown in 2013)
has the LNA components mounted directly on the
backside of the ground-plane/hybrid assembly, reducing
the height profile. The gain of the LNA is 28 and 20 dB
and the noise floor is 2.0 and 2.1 dB for L1 and L2,
respectively. During ground testing of the CTECS
qualification model, it was noted that there were a
number of interference sources in the immediate vicinity,
including paging transmitters, cell phone towers, and the
Los Angeles International Airport. The qualification and
flight model LNA circuits were modified to include a
broadband filter to remove strong out-of-band noise
signals coming from the nearby sources during ground
testing of the sensor.

There are several on-going artifacts in the CTECS
dataset that are under investigation. The receiver outputs
data in the form of log packets. The file downlinked
from the satellite is made up of thousands of data log
packets. In some of the files, the data packets were out of
order in time. This is believed to be the result of issues
with the on-board data storage system and the fact that
the data had to be downlinked during several contacts
requiring correct placement of the file pointer inside the
memory. The second issue that occurred is more
troublesome. L2 SNR observations contained
significantly higher noise, a factor of 2 greater than L1.
This did not occur in all profiles and the source of this
noise is still being investigated. It should be noted that
during ground testing, L2 SNR noise amplitudes were
typically ~2 dB-Hz, while L1 noise amplitudes were <1
dB-Hz. This additional noise can somewhat be overcome
in the ground processing of the data with minimal impact
to TEC observations. However, the additional noise may
complicate scintillation measurements.
Table 1:

Figure 4: Topside of CTECS sensor assembly
showing the antenna

CTECS operational periods.

Date

Duration
(min)

Maximum
Sampling
Rate (Hz)

Clean
Occulting
Tracks

% of Total
Tracks

8/23/11

60

1

10

40

9/14/11

90

1

------

-----

10/20/11

240

1

28

44

11/1/11

240

1

54

65

11/15/11

90

20

5

33

Performance
The CTECS experiment required that the host satellite
oriented the GPSRO antenna in the anti-ram direction
throughout the data collection period. Furthermore,
orientation knowledge was required to assist the
processing of the CTECS data. The PSSCT-2 attitude
control sensors, actuators, and algorithms were new for
this mission and many in-orbit tests were performed in
Bishop

The “clean occulting tracks” in Table 1 refer to the
number of occulted tracked satellites with an absence of
large L2 SNR noise and out of sequence data packets.
This “clean” data could be processed as is without any
additional effort. The percentage of “clean” data
obtained during the observational period is shown in the
last column. On 8/23/11, 9/14/11, and 10/20/11 various
4

26th Annual AIAA/USU
Conference on Small Satellites

Figure 5: Example of relative TEC calculated from tracking GPS satellite from zenith to below the horizon.

attitude control issues further complicated CTECS
operations. During the 9/14/11 observation period, the
antenna direction and motion was not conducive to
tracking occulting satellites. On 11/1/11, both the
attitude control system and CTECS operated nominally.
During that 4-hour period 83 GPS satellites were
tracked. 65% of those provided “clean” occultations.
Thus, we were able to demonstrate that CTECS can
operate successfully as a CubeSat GPSRO sensor.

enhancements. From 0° elevation and below, the TEC
shape resembles a horizontal ionospheric profile.
Figure 6 shows the tangent points of 4 occultations
observed on 11 November 2011 when the attitude
control system optimally aligned the CTECS antenna in
the anti-ram direction. The points on the map represent
the tangent points from 60 to 320 km. The four
occultations were chosen because of the variety in
horizontal area swept and occulting time. PRNs 4, 8, 26
are nighttime profiles.

INITIAL OBSERVATIONS
Typically, GPSRO satellite orbits are above the F-peak
of the ionosphere. This provides the best ionospheric
altitude profiles from the occulting portion of the track.
Regardless of the satellite altitude, the non-occulting
portion of the track still provides useful TEC information
regarding the ionosphere and plasmasphere above the
satellite. Because CTECS orbit was at or below the Fpeak of the ionosphere, it was often the case that there
was a large fraction of the ionosphere above the sensor.
Initial analysis of some of the CTECS occultation data
has been performed. Figure 5 shows a single track
observed by CTECS over a 30-minute period. PRN 4
came into view near zenith and then proceeded to
decrease in elevation until lock was lost at ~20° below
the horizon. The features in TECU near 21.3 and 21.4
UT are most likely the Appleton Anomaly density
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Figure 6: Map showing location of tangent points
from 60 to 320 km of four example occultations.
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Figure 7 shows the relative electron density profiles
obtained from the occultations listed in Figure 6. Only
the nighttime profiles are shown in order to highlight the
observed structures within the profiles. It should be
noted that the electron density profiles were obtained by
applying an Abel Transform to relative TEC profiles.
Thus, the density values shown are not accurate.
However, the relative variations in the profiles are
correct. To obtain absolute TEC and electron density
values further processing is required that incorporates
the receiver bias and leveling.

purpose is to demonstrate the feasibility of using
CubeSats to provide future operational space weather
data as well as demonstrate the ability to design, build,
test, and deliver complete spacecraft in an 18-month
period.
The two SENSE CubeSats consist of identical busses
built by Boeing. Each SENSE spacecraft consists of a
unique sensor: SRI’s Compact Tiny Ionospheric
Photometer (CTIP) and the Naval Research Laboratory’s
Wind Ion Neutral Composition Spectrometer (WINCS).
In addition to the above sensors each spacecraft will
contain a Compact Total Electron Content Sensor
(CTECS) that is being provided as government furnished
equipment to the program by The Aerospace
Corporation. CTECS will provide TEC and scintillation
data as well as position/navigation/time information to
the spacecrafts.

The profiles in Figure 7 show several interesting
features. Because of the low orbit of PSSCT-2, the
profiles nearly begin at the F-peak. The sudden fall off
of the density at the highest altitudes is a figment of the
processing. PRN 8 has several interesting features.
Between 280 and 320 km, there appears to be a double
F-peak along with density structures. Looking at Figure
6, PRN 8 extends over a fairly large horizontal distance.
The double peak is likely the result of a tilted
ionosphere. Near 180 km a local density layer is visible.
The high altitude and large thickness of this layer makes
it unlikely to be a sporadic-E layer. In all three profiles,
small layer structures are visible between 100-120 km in
the region where sporadic-E is expected.

SUMMARY
As the last satellite released from the Space Shuttle fleet,
the PSSCT-2 nanosatellite successfully completed its
four-and-a-half month mission. PSSCT-2 hosted the
CTECS sensor, which collected 13.5 hours of data.
Utilizing modified software and a custom designed
antenna, CTECS has successfully collected occultation
data. It demonstrated the ability to obtain relative TEC
profiles showing geophysically meaningful features. For
the first time TEC and electron density profiles have
been obtained from a GPSRO sensor hosted on a
nanosatellite.
Acknowledgments
The PSSCT-2 mission and CTECS sensor was supported
by The Air Force Space and Missile Command
Developmental Planning Directorate (SMC/XR). The
Aerospace Corporation’s Independent Research and
Development program provided additional CTECS
support. The PSSCT-2 mission was possible because of
the additional support from the GEOINT and DMSG
program offices.
References
1.

Kahr, E, O. Montenbruck, K. O’Keefe, S. Skone,
J. Urbanek, L. Bradbury, P. Fenton, “GPS
Tracking on a Nanosatellite – The CANX-2 Flight
Experience”, Proceedings of the 85h International
ESA Conference on Guidance, Navigation &
Control Systems, Karlovy Vary, Czech Republic,
June 2011.

The next mission to host CTECS is the Air Force 2.
SMC/XR Space Environment Nano-Satellite Experiment
(SENSE) mission.4 SENSE consists of two 3-U
CubeSats and is scheduled for launch in mid-2013. Its

Straus, P. R., “Ionospheric climatology derived
from GPS occultation observations made by the
ionospheric occultation experiment”, Adv. Space

Figure 7: Calculated electron density profiles from
relative TEC data.

FUTURE MISSIONS

Bishop

6

26th Annual AIAA/USU
Conference on Small Satellites

Res., vol. 39, No. 5, doi:10.1016/j.asr.2006.08009,
2007.
3.

de La Beaujardiere, O. “C/NOFS: a mission to
forecast scintillation”, J. Atmos. Solar Terr. Phys,
vol 66, doi:10.1016/j.jast.2004.07.030, November
2004.

4.

Simonds, J., P. Mastro, D. O'Brien, G. Sullivan,
"Making SENSE: The SMC/XR space weather
CubeSat demonstration," Aerospace Conference,
2011 IEEE, doi:10.1109/AERO.2011.5747490,
March 2011.

Bishop

7

26th Annual AIAA/USU
Conference on Small Satellites

